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ARTICLE INFO ABSTRACT
Keywords: Hip fracture, increasing exponentially with age, is osteoporosis’s most severe clinical conse-
Intertrochanteric fracture quence. Intertrochanteric fracture, one of the main types of hip fracture, is associated with higher
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Osteo-degenerative features
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mortality and morbidity. The current research hotspots lay in improving the treatment effect and
optimizing the secondary stability after intertrochanteric fracture surgery. Cortex buttress
reduction is a widely accepted method for treating intertrochanteric fracture by allowing the
head-neck fragment to slide and rigidly contact the femoral shaft’s cortex. Medial cortical support
is considered a more effective option in treating young patients. However, osteo-degenerations
features, including bone weakness and cortical thickness thinning, affect the performance of
cortex support in geriatric intertrochanteric fracture treatment. Literature focusing on the age-
specific difference in cortex performance in the fractured hip is scarce. We hypothesized that
this osteo-19 degenerative feature affects the performance of cortex support in treating inter-
trochanteric fractures between the young and the elderly. We established twenty models for the
old and the young with intertrochanteric fractures and performed static and dynamic simulations
under one-legged stance and walking cycle conditions. The von Mises stress and displacement on
the femur, proximal femoral nail anti-rotation (PFNA) implant, fracture plane, and the cutting
volume of cancellous bone of the femur were compared. It was observed that defects in the
anterior and posterior cortical bone walls significantly increase the stress on the PFNA implant,
the displacement of the fracture surface, and cause a greater volume of cancellous bone to be
resected. We concluded that ensuring the integrity and alignment of the anterior and posterior
cortical bones is essential for elderly patients, and sagittal support is recommended. This finding
suggests that the treatment method for intertrochanteric fracture may differ, considering the
patient’s age difference.

1. Introduction

Hip fracture, which grows exponentially with age, is the most severe clinical consequence of osteoporosis and causes a significant
financial burden on the public health care system [1-3]. These fractures are linked to a 10%-20% mortality risk, functional disability,
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and mobility loss([4,5]). By 2050, hip fractures will affect up to 6.3 million individuals worldwide, including 3.25 million in Asia [6].
Intertrochanteric fracture (ITF), one of the most common types of hip fracture, is associated with higher mortality and morbidity ([7,
8]). Surgical treatment with intramedullary implants has been advocated for treating ITF, during which reduction quality should be the
foremost priority. Among several implant types, proximal femoral nail anti-rotation (PFNA) is considered a suitable internal fixation
implant and has a more effective therapeutic impact in treating ITF than other internal fixators [9-11].

Alignment, angulation, and cortical bone apposition were widely examined for intraoperative and postoperative evaluations of
fracture reduction quality. Gottfried introduced the concept of nonanatomic medial cortical buttress reduction between the proximal
and distal fracture components to facilitate secondary fracture healing stability after surgery ([12,13]). Based on Gottfried’s results,
Chang et al. ([14,15])proposed the concept of positive anteromedial cortical support reduction for unstable pertrochanteric fractures.
According to this theory, head-neck fragments’ medial and anterior cortical bones were misaligned positive to the femur shaft. They
believe the anteromedial cortex’s misalignment prevents fracture sliding and provides support for secondary fracture healing. Shao
et al. [16] also determined that the anteromedial cortical support reduction pattern exhibited improved mechanical stability for
unstable pertrochanteric fractures through finite element analysis. Mao et al. [17] constructed in-silico and biomechanical models for
both positive medial cortical support and anatomical reduction, concluding that positive medial cortical support is more effective in
treating unstable trochanteric hip fractures. In addition, clinical retrospective research was also performed to justify the anticipated
mechanical advantages of medial cortical support([16,18-20]). Ramachandran et al. investigated prospectively 72 patients with
unstable pertrochanteric fractures treated with PFNAs. Only 4% of patients with medial cortical support reduction had a mechanical
failure, whereas 31% percent with lateral cortical support reduction had a mechanical failure [19].

ITF is closely associated with osteoporosis. Age-related changes will occur in the bone density and cortical bone thickness of the
elderly. Ward et al. [21] reported that the cortical bone thickness of those older than 50 decreased by 14% every decade. Riggs et al.
[22] found that bone density declines with age, especially in older adults with osteoporosis, resulting in changes to the bone’s me-
chanical strength against loading force. We anticipated that this osteo-degenerative trait affects the effectiveness of cortex buttress
support in treating ITFs. There exists a notable gap in biomechanical studies addressing this concern. Existing research typically bases
simulations on the bone parameters of younger individuals, overlooking the pronounced bone deterioration that contrasts the elderly
from the young. Additionally, prevailing treatment protocols fall short in offering distinct approaches for intertrochanteric fractures
depending on age groups. Therefore, it is imperative to investigate if these osteo-degenerative properties, such as bone fragility and
decreasing cortical bone thickness, affect the efficacy of cortex buttress support in ITF treatment.

The finite element (FE) method has been used extensively in biomechanics research. Many conditions that would be difficult or
impossible to research in reality may be simulated ([23,24]). We used the FE method to examine the biomechanical characteristics of
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Fig. 1. We measured the cortical thickness of the anterior, posterior, medial, and lateral sides of the femoral trochanter in 4 patients aged under 60.
(a) Cortical thickness measurement of case 1, with the left panel showing the thickness of the medial and lateral sides, and the right panel showing
the anterior and posterior sides. (b), (c), and (d) depict the cortical thickness measurement of case 2, 3, and 4, respectively.
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ITFs with neutral, medial, lateral, and anterior cortical supports in different age groups. A static simulation of a one-legged stance and a
dynamic simulation of walking is performed. Twenty model groups were developed in all. Both the elderly and the young had five
cortical support models in the static and dynamic simulations. We analyze the Von Mises stress distribution and displacement of bone
pieces and fracture plane in the static simulation, as well as the cancellous bone cutting volume throughout a gait cycle in the dynamic
simulation model. These analyses were employed to elucidate the influence of osteo-degenerative characteristics on the clinical
outcomes of employing a cortical buttress reduction strategy.

2. Method
2.1. Age-specific model configuration and materials properties

Age has a considerable effect on the bone’s biomechanical qualities. Cortical bone, once reasonably stable in bone properties,
would be lost and damaged beyond age 60 [20,21]. In the current research, 60 years is the dividing line between young and old models,
after which cortical bone content falls progressively. Therefore, we set the age of the young model to be under 60 and the elderly model
to be about 70. For the assignment of cortical bone thickness in young model, we measured the cortical bone thickness on the anterior,
posterior, medial, and lateral sides of the femur for patients used in model reconstruction. In addition to this, we collected data from
three other patients under the age of 60 who had similar types of fractures for femoral cortical bone thickness measurements, aiming to
improve the precision of cortical bone thickness assignment in this study, seen as Fig. 1. Table 1 has the specific values. The selection
criteria for these cases were primarily based on having similar AO/OTA Type Al intertrochanteric fractures, with age being our main
reference factor, and the absence of other comorbid conditions. The anterior cortical bone thickness was the thinnest, with a mean
value of 1.74 mm among the four patients. The median value for the thickness of the medial cortical bone was 4.90 mm. In order to
control variables and simplify the model, the mean thickness of medial, lateral, anterior, and posterior cortical bone was averaged and
was determined to be 3.13 mm.

The assignment of cortical bone thickness for the elderly model was based on the work of Lu Yin et al. [25]. They received CT scans
from the hospital of 194 70-year-old women and found that the average thickness of cortical bone around the femoral trochanter was
1.77 £ 0.29 mm. Therefore, we assigned 2 mm as the cortical bone thickness in the fracture model for the elderly. The numerical
values of material attributes differ between the old and young models. Normal cortical and cancellous bone have elastic moduli of 15,1
GPa and 445 MPa, respectively. Cortical and cancellous elastic modulus in osteoporotic bone would be lowered by 33% and 66%,
respectively [26-29]. These values were based on calculations relating reported bone mineral density (BMD) measurements in healthy
and osteoporotic bone to Young’s moduli. Therefore, we assigned the elastic modulus for the old model with a value of 10.117 GPa for
cortical bone, 150 MPa for cancellous bone, and a Poisson’s ratio of 0.3. Table 2 displays the model’s material attributes.

2.2. Establishment of the finite element models

Fig. 2 (a) depicts the building procedures for modeling five forms of cortical support in treating ITFs. First, we collected from
Beijing Jishuitan Hospital a set of high-resolution computed tomography (CT) patient data (a 57-year-old Chinese woman, 169 cm, 48
kg) with a slice thickness of 0.67 mm. This collection of CT data is imported into MIMICS software (Materialize, Leuven, Belgium) to
rebuild the geometry of her femur based on the tissue’s gray value and the area segmentation. Second, the rebuilt model file was
imported into Geomagics Studio for additional processing and the generation of non-uniform rational B-spline (NURBS)-wrapped
surfaces. In the Geomagics program, we additionally segmented the cortical and cancellous bone and rebuilt the cancellous bone using
the offset command. The offset distance is set at 4 mm, and this choice is based on previous research literature [16] and clinical
recommendations that suggest the offset displacement should be 1.5 to 2 times the cortical bone thickness. According to the
perspective of clinical doctors, an offset difference of half to one cortical bone is still considered anatomical reduction. Therefore, we
ultimately decided on a reduction deviation of two cortical bones, which is approximately 4 mm. Thirdly, the model file was loaded
into SolidWorks (DASSAULT SYSTEM, FRANCE) to reconstruct ITF patterns. The chosen fracture pattern for this study corresponds to
the A1 type of intertrochanteric fractures. This specific type highlights the most preserved cortical bone wall when compared to other
fracture types, as evidenced by its clearly delineated fracture line [30]. We created two sets of ITF models, one for the old and one for
the young. Cortical bone thickness is one of the distinctions between young and elderly models, seen as Fig. 2 (b). Each model set

Table 1
Cortical bone thickness measurements on the anterior, posterior, medial, and lateral sides of the intertrochanteric region in 4 patients, along with the
averages for each side and the overall mean.

Cortical bone thickness around the femoral trochanter for young(mm)

Medial Lateral Anterior Posterior
Case 1 4.82 3.54 1.77 2.07
Case 2 6.44 3.28 1.33 2.08
Case 3 4.24 3.53 1.96 2.81
Case 4 4.09 4.29 1.91 1.92
Average value 4.90 3.66 1.74 2.22
Average all 3.13
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Table 2

Material attributes assigned to cortical bone, cancellous bone, and the PFNA implant in both elderly and young patient models.
Material Density(g/cm®) Young’s Modulus (Mpa) Poisson’s ratio
Cortical bone(old) 1.38 10117 0.3
Cancellous bone(old) 0.45 150 0.2
Cortical bone(young) 1.38 15100 0.3
Cancellous bone(young) 0.45 445 0.2
PFNA-II(Ti-6Al-7NB) 4.43 110000 0.3

Assembly in Mesh in
Femur in Femur in PFNA in Assembly in Abaqus Abaqus 1.Static analysis
Mimics Geomagic Solidwork Solidwork (one-legged stance)

2.Dynamic analysis
(Walking cycle)

a. Modeling and simulation steps for intertrochanteric hip fracture
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Fig. 2. Construction steps for modeling the intertrochanteric fractures (a), the distinction between elderly and young models regarding the cortical
thickness(b), and the illustration of five cortical support in ITFs treatment(c).

consists of fractures of the neutral, anterior, posterior, medial, and lateral cortical supports, seen as Fig. 2 (c). The neutral support
places bone fragments in their anatomical location. Correspondingly, the medial, lateral, anterior, and posterior cortical supports
represent the head-neck segments displaced 4 mm from the femoral shaft inwards, outwards, forwards, and backwards. This choice of
4 mm aligns with the recommendation that it should be approximately 1.5-2 times the cortical bone thickness.

The PFNA-II (DePuy Synthes, Raynham, MA) model was also developed in Solidworks, including a helical blade, an intramedullary
nail, and distal locking screws. The geometrical parameters of the PFNA-II were taken from the implant manufacturer’s catalog (length
170 mm, width 11 mm, 5°proximal lateralization angle, helical blade length 95 mm, center-column-diaphyseal (CCD) angle 130°).
Then, 20 fractured models and the PFNA-II model were assembled, and the tip-apex distance (TAD) was adjusted to within 20 mm.
These models were then loaded into Abaqus (DASSEILLE SYSTEM, FRANCE) for subsequent static and dynamic analysis (one-legged
stance and walking cycle).

2.3. Model validation

Cristofolini’s biomechanical testing on composite synthetic models and cadaveric bones served as the basis for validating the
material characteristics and mesh sizes used in our models before the finite element simulation [31]. In the investigation conducted by
Cristofolini, the composite synthetic femur and two types of cadaveric bone (including the fresh-frozen femur and the dried rehydrated
femur) were subjected to various external loading conditions. We replicated their experimental conditions and assessed the distri-
bution of bone strain in the medial femoral wall cortex. In accordance with the arrangement of five strain gauges (M1-M5) used in the
experiment, Fig. 3 (a) illustrates the minimum principal strain at the M1-M5 sites. These sites were evaluated across various scenarios,
including the young femur model (consistent with Cristofolini’s experiment), elderly femur model, young femur model with PFNA, and
elderly femur model with PFNA simulations.

We selected two sets of experimental strain measurements from Cristofolini’s literature [31], namely *Composite Femur’ and
’Cadaveric Femur #24,” and compared them with the data obtained from our finite element model, referred to as the 'FE young model’,
asseen in Fig. 3 (b). We calculated the mean strain values, medians, and standard deviations for each dataset and conducted an analysis
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Fig. 3. We validated the established ITF models based on the experimental results of Cristofolini et al. [31]. (a) Illustrates the mechanical ex-
periments conducted by Cristofolini et al. on cadaveric bone and synthetic bone, including the setup for load application and femoral medial strain
sensors. (b) Presents a comparison between the minimum principal strains measured in the mechanical experiments (M1-M5 strain sensors) and the
simulation results of our model (in units of micro-strain pe). Additionally, we included mechanical simulations of PFNA implant fixation on the
femur, the results of which are also shown in (b). “FE” stands for Finite Element Analysis.

of variance (ANOVA) to assess whether there were significant differences in the distributions of the three datasets. The results are
presented in Tables 3 and 4.

Table .4 presents the analysis of variance (ANOVA) for the strain factor, detailing the sum of squares, degrees of freedom (df), mean
square, F-value, and significance (Sig.) across different groups (Between Groups) as well as within each group (Within Groups). The
significance level of 0.53( > 0.05), indicates that there is no significant difference between groups.

Based on the analysis of minimum principal strain in the young model (represented by the blue solid line), which is consistent with
the experimental data of Cristofolini (depicted by the red and black dashed lines), it is evident that the strain change trend and values
closely align. In the analysis of variance table (Table 4), the significance level for between-group data is 0.530. This suggests that there
is no significant difference in the distributions among the three datasets. Therefore, we conclude that the simulated results obtained by
the model in this study are consistent with the experimental measurements, validating the effectiveness of the model presented in this
paper.

Additionally, it is worth noting that the strain observed in the femur of the elderly model is significantly greater than that in the
young model (solid green line). This indicates that under the same load, the elderly model will experience more significant deformation
of the femur compared to the young model. However, after PENA assembly, the strain magnitude on the femur may be greatly reduced
(purple and orange dash-dotted lines), and the strain values at points M1-M5 tend to become more stable."

2.4. Load force setting under static and dynamic analysis

Based on the experimentally validated FE model of ITFs, we conducted follow-up studies to investigate the mechanical stability
performance of five different types of cortical bone support reduction in both elderly and young individuals. These studies were
performed under both static and dynamic mechanical loading conditions. Static analysis corresponds to the standing posture of pa-
tients after surgery, while dynamic analysis relates to their post-surgery walking activities. These activities are representative of the
inevitable daily activities for patients with intertrochanteric fractures postoperatively.

In the statics analysis, the load force setting refers to the one-legged stance force distribution on the proximal femur reported by
Lotz et al. [32].This encompasses the forces exerted by the hip (self-gravity) and the gluteus medius muscle, as depicted in Fig. 4(a).
Table 5 displays the force load (multiples of body weight) and unit vectors for the XYZ coordination system (as per CT output). For the

Table 3
Descriptive Statistical Analysis of strain value for Composite Femur, Cadaveric Femur #24, and FE young model.

Source Mean Strain N Std. Deviation Median Strain Std. Error of Mean
Composite Femur —664.0000 5 216.31574 —645.0000 96.73934
Cadaveric Femur #24 —515.0000 5 279.84371 —500.0000 125.14991

FE young model —493.8140 5 259.87785 —442.6000 116.22091

Total —557.6047 15 247.35571 —550.0000 63.86697
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Table 4
Analysis of Variance for Composite Femur, Cadaveric Femur #24, and FE young model.
Sum of Squares df Mean Square F Sig.
Strain * Source Between Groups (Combined) 86021.869 2 43010.934 0.670 0.530
Linearity 72408.186 1 72408.186 1.128 0.309
Deviation from Linearity 13613.682 1 13613.682 0.212 0.653
Within Groups 770565.991 12 64213.833
Total 856587.859 14

dynamic analysis, the load force setting refers to the work of Bergmann [33] et al., demonstrating that the surface contact force of the
unilateral hip joint varies during walking. Fig. 4 (b) illustrates the loading point and direction at the hip joint surface.

A total of 20 model groups entered the post-processing (result analysis) phase of the finite element analysis. These models are
categorized based on two age groups (elderly and young), two types of mechanical loading (static and dynamic), and five types of
cortical bone support reduction methods (medial, lateral, anterior, posterior, and neutral), resulting in a total of 2*2*5 = 20 models.

3. Results

In static analysis, the Von Mises stress distribution, the peak value stress on the femur and PFNA, and the fracture plane’s maximum
displacement were measured and compared. In dynamic analysis, the fracture plane’s maximum principal strain and the minimum
principal strain of cancellous bone were compared.

3.1. Static analysis results

3.1.1. Peak value stress on the femur and PFNA

Fig. 5 shows the maximum stress values on the femur and PFNA implants in the old and young models with five cortical bone
supports. The specific values are listed in Table 6.

As shown in Fig. 5 and Table 6, the average peak von Mises stress of the young model on the femur under the five cortical support
types is 421.92Mpa, whereas the average peak von Mises stress of the old model is 380.38Mpa. The average peak von Mises stress on
the PFNA implant (the intramedullary nail, the distal screw, and the helical blade) for the young model is 133.00Mpa, 82.82Mpa, and
30.40Mpa, respectively. The old model’s average peak von Mises stress on PFNA implants is 280.14Mpa, 156.63Mpa, and 61.99Mpa.
For the old model, the weight bearing on the femur is lower than that of young people due to the weakness of bone strength, whereas
the weight bearing on the PFNA is higher than that of young people.

In the young model, the medial cortical support performed better, and the maximum stress on the femur was minimal. However, in
the old model, it was observed that the posterior cortical support, corresponding to the anterior cortical bone defect, produced a
significant increase in stress on the intramedullary nail.

3.1.2. Stress distribution on the femur and PFNA
Then, using the finite element method, we constructed the von Mises stress distribution nephogram for the femur and the PENA
implant, as shown in Figs. 6 and 7. To facilitate results comparison, we unified the scale of the legends, setting it to 0-100 MPa. The

. A [y [y em—F7 o
250 Coupling region
200
. 150+
% =
m
Fracture = 1004
line 3
13
p& =50
& X
A o
Resultant force distribution in one-
legged stance from Lotz's work. 504
z
X »
v T T T T T >
Encaster () 0 20 40 60 80 wo  (b)

Time [% Cycle]

Fig. 4. In the static simulation of the model, the application of mechanical loads is based on the research by Lotz [32], which simulates a composite
hip joint load at the femoral head and a gluteus medius load at the lateral side of the femoral trochanter (a). In the dynamic simulation, the load
application follows the work of Bergmann [33], involving a dynamic load applied to the femoral head that varies with the gait cycle(b).
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Table 5

Load magnitude in static simulation (multiples of body weight, 480 N) and direction of force application.
Force location One-legged stance(multiple) Force direction (x, y, z)
Load 1: Hip joint 1.80 (0.29,-0.10,-0.95)
Load 2: Gluteus Medius 2.60 (-0.40,-0.14,0.91)
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Fig. 5. The peak von Mises stresses on the femur and PFNA implants. In the elderly model, the stress on the PFNA intramedullary nail increases
sharply with the posterior cortical bone support, which can enhance stress shielding and affect subsequent fracture healing. In the model of young
individuals, the medial cortical bone support demonstrates a greater advantage, with the stress on both the PFNA and the femur being the minimal.

Table 6
The specific peak von Mises stress values of the femur and the PFNA implant, as well as the average stress value under five cortical bone support
conditions.

Model and support type Intramedullary nail (Mpa) Distal screw (Mpa) Helical blade (Mpa) Femur (Mpa)
Young old Young old Young old Young old

Neutral 139.00 232.03 111.00 127.44 77.70 171.49 603.70 381.60
Anterior 110.00 214.15 66.80 129.31 23.60 56.31 403.70 372.00
Posterior 159.00 476.54 89.00 230.87 11.80 19.41 378.50 378.90
Medial 130.00 197.32 70.40 132.59 26.80 35.02 299.60 394.30
Lateral 127.00 280.65 76.90 162.95 12.10 27.70 424.10 375.10
Average value 133.00 280.14 82.82 156.63 30.40 61.99 421.92 380.38

dark blue region corresponds to a pressure of around OMpa, whereas the green and light green regions reflect a pressure range of
50Mpa. The area above 100 MPa and up to the maximum stress value is the high-stress zone, shown in dark red. The reasons for setting
the stress regions in this way will be explained in the discussion section.

The stress distribution nephogram reveals that, on both the femur bone and the PFNA, the stress distribution dramatically increases
once the anterior and posterior cortical bone support is misaligned in the old model, and enormous high-stress zones arise. In contrast,
no similar behavior is found in the young model, and the stress distributions on the femur and PFNA are comparable across the five
cortical support forms. We conclude that sagittal support is vital for treating ITFs in older people. The integrity and alignment of the
anterior and posterior lateral walls, i.e., sagittal plane support, are of greater concern to these patients.

3.1.3. Displacement of femur and fracture plane

Fig. 8 depicts the displacement nephogram on the femur, the maximum displacement of the femur, and the relative displacement
between two bone fragments on the fracture plane. For the young model, the displacement generated by medial and lateral cortical
support was minimal at 0.95 mm and 0.81 mm, respectively. The neutral cortical support generated a maximum displacement of 1.3
mm, which is the maximum. In addition, neutral cortical support produced 0.23 mm relative displacement of the fracture plane, about
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Fig. 6. Von Mises Stress distribution on the young (a) and elderly (b) femur under five cortical support conditions.The stress distribution nephogram
is scaled from O to 100 MPa, with areas exceeding 100 MPa designated as high-stress zones, highlighted in red. In the elderly model, both anterior
and posterior cortical bone support conditions lead to widespread stress concentration (red areas) in the distal screw fixation region of the femur, a
situation not observed in the young individual’s model.

100 times that of the medial cortical support (0.038 mm, the minimum value). The less the relative displacement of the fracture plane,
the more stable and advantageous the anticipated postoperative outcome. This suggests that medial cortical support performed good
postoperative stability in young people. The relative displacement of the other three cortical supports (anterior, posterior, and lateral)
was less than 1 mm.

For the old model under the five cortical supports, the medial cortical bone support caused the least displacement (16.76 mm of the
femur and 0.55 mm of the fracture plane). Like stress distribution, when the anterior and posterior cortical bones became misaligned,
the displacement of the femur and fracture planes increased dramatically (34.05 mm and 3.04 mm under anterior cortical support and
36.89 mm and 3.4 mm under posterior cortical support). Due to bone fragility and cortical thinning, the old model’s displacement is
much greater than that of the young model. For older people, more attention should be paid to the effects of anterior and posterior
cortical walls’ integrity and alignment, illustrating the importance of sagittal support.

3.2. Dynamic analysis results

3.2.1. The maximal principal strain on the fracture plane

Dynamic analysis reveals the influence of cumulative strain on mesh elements throughout force loading time. Fig. 9 demonstrates
the maximum principal strain on the fracture plane. The red zone represents tensional strain (a positive strain value), while the blue
zone represents compressive strain (a negative strain value). In most instances, the normal compressive strain was shown to be
beneficial for bone healing [34]. However, bone cutting is possible when the compressive strain value is less than the yield strain limit
of cancellous bone (—0.8%) [35]. The green area represents the region that will likely be removed. In young models, the medial and
neutral cortical bone supports have the greatest compressive strain area. In old models, it is difficult to visibly compare the compressive
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Fig. 7. Von Mises Stress distribution on the PFNA implant of the young (a) and elderly (b) patients under five cortical support conditions. In the
elderly model, the distal screw fixation region of the PFNA shows a large area of red (high-stress zone) under both anterior and posterior cortical
bone support conditions, while in the young model, this is not observed. The scale of the stress distribution nephogram ranges from 0 to 100 MPa.

strain region of the five cortical bone supports. However, bone cutting out is an issue with anterior, posterior, and lateral cortical
supports, particularly with posterior cortical support.

3.2.2. The minimal principal strain of the femur

Fig. 10 displays the minimum principal strain derived from the femur’s dynamic study. The yield strain of cancellous bone is
—0.8%. We calculated the bone-cutting volume of each model with a strain less than —0.8%. The medial cortical support resulted in the
smallest amount of cancellous bone removal cutting in both the young and old models (113 mm?® and 291 mm?, respectively). In the old
models, the cutting volumes of anterior (1113 mm?) and posterior (2069 mm?) cortical support are much greater than the medial
cortical support volume (291 mm?®). This indicates that once the anterior and posterior cortical bones are misaligned, the effectiveness
of ITF therapy is greatly diminished.

4. Discussion

Extensive clinical trial data [18-20] and biomechanical simulation analyses have supported the use of medial cortical support in
the treatment of ITFs (some sources refer to medial-anterior cortical support) [11-16]. However, information on the effect of age on
ITF therapy with cortical bone support has yet to be available. Age increase leads to changes in the bone structure around the
trochanter and a deterioration in skeletal strength, which mainly manifested in the decrement of cortical bone thickness and the
biomechanical strength of the bone. Due to diminishing cortical bone thickness and deteriorating bone strength, older and younger
individuals exhibit distinct skeletal characteristics ([21,22]). Even though medial cortical bone support is still a reasonably effective
method for treating ITF in the elderly, the integrity and alignment of anterior and posterior cortical bone should be prioritized. When
misalignment and loss of integrity occur in these two components, ITF’s therapeutic effectiveness is dramatically compromised. In
contrast to ITF treatment for young people, anterior and posterior misalignment does not significantly impair the therapeutic effect.
Therefore, for the treatment of ITFs in the elderly, sagittal support may be a more recommended way and the defect of the anterior and
posterior cortical walls should be avoided.

In this study, we compared the performance of five cortical bone support reduction performances in older and younger individuals
using the finite element approach. Twenty ITF models with PFNA fixation of the old and young groups were developed, and static and
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Fig. 8. The maximum displacement, the relative displacement on the fracture plane, and displacement nephogram of the old and young models. In
the young model, the maximum displacement on the femur does not show significant differences under the five cortical bone support conditions.
However, in the elderly model, the anterior and posterior cortical bone support significantly increases the displacement on the femur, more than
Ewice that of the neutral cortical bone support condition. The relative displacement on the fracture plane follows a similar pattern.
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b. The maximal principal strain of the fracture plane of elderly patient

Fig. 9. The maximal principal strain of the fracture plane of young (a) and elderly (b) patient under dynamic analysis with five cortical bone
support. The red zone represents the tensional strain, and the blue represents the compressive strain. The green area represents the area likely to be
cut out. In the elderly model with posterior cortical bone support, there is a potential risk of fracture plane defects.

dynamic analyses were performed on each model. In static analysis, the von Mises stress distribution, the peak value stress on the femur
and the PFNA, and the fracture plane’s maximum displacement serve as the main comparative indicators. For the peak value stress of
the femur in the young model, the medial cortical support (299.6Mpa, which is significantly lower than the average value of
421.96Mpa) has obvious advantages over the other four cortical supports. While for the old models, the peak value stress under five
cortical supports did not show much disparity (the average value 380.38Mpa). In contrast, under the posterior cortical support, the
intramedullary nail’s stress dramatically increases to 476.54Mpa, which is 1.7 times the average of 280.14Mpa.

We then compared the stress distribution on the femur and PFNA. According to the average fatigue stress of human bones, which is
200Mpa [36-38], stress exceeding 100Mpa was termed a high-stress region. On the femurs of old models with anterior and posterior
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b. The femur's minimum principal strain and cutting volume of elderly patient

Fig. 10. The femur’s minimum principal strain and cutting volume of the young patient (a) and elderly patient (b) in the dynamic analysis with five
cortical bone support. In the elderly model, with either anterior or posterior cortical bone support, the volume of cancellous bone resection on the
femur exceeds 0.001 m>,

cortical support, there are substantial red regions (high-stress zones). In both instances, the head-neck fragment is misaligned with the
femoral shaft’s anterior or posterior cortical bone. Therefore, we concluded that preserving the integrity of the anterior and posterior
cortical bone wall is crucial for treating ITFs in elderly patients and sagittal cortical support is recommended in treating ITFs in older
people; otherwise, the therapeutic effect would be impaired.

The stress on the PFNA should be as low as feasible to prevent a stress-shielding effect. Stress shielding is a phenomenon where the
presence of an implant, such as in orthopedic surgeries, leads to a reduction in the normal stress experienced by the bone, which can
result in decreased bone density and strength over time due to the bone’s adaptive response to its reduced load-bearing role. Stress
shielding may retard fracture healing and increase post-traumatic bone loss [39-41]. The stress distribution varies little amongst the
five cortical support types of the young model. However, in the old models, there was a significant stress concentration in the anterior
and posterior cortical bone support types, particularly in the intramedullary nail’s lower portion. This also indicates that the anterior
and posterior cortical bone support should be avoided in the ITF treatment of elderly patients and that the anterior and posterior
cortical bone integrity should be prioritized.

The comparison of displacement results reveals that medial cortical support generates the least displacement in both the old and
young models, suggesting that this cortical support type is the most stable against external force loading. In the old patients’ model,
however, the anterior and posterior cortical support generate more fracture plane displacement (3.04 mm and 3.40 mm, respectively)
than the medial cortical support (0.55 mm). While in the young model, the fracture plane displacements under anterior and posterior
cortical support (0.096 mm and 0.097 mm, respectively) were not markedly different from the medial displacements (0.038 mm).

During the dynamic analysis of the walking cycle, we focused on the cutting volume of the femoral cancellous bone and the range of
compressive strain on the fracture plane. In model of younger patients, the neutral and medial cortical supports have a greater
compressive strain area, which is favorable for bone healing. In model of older patients, the area of compressive strain cannot be
distinguished visually. However, the posterior cortical support contains a considerable green zone (the compressive strain value
surpasses —0.8%), indicating that it may be easily broken. There are also green zones in anterior and lateral cortical supports, but these
portions are so minute that they may be disregarded. In addition, the volume of cutting under anterior and posterior cortical bone
support in the old model (1113 mm? and 2069 mm?, respectively) is much bigger than the amount of cutting under the other three
cortical support types. Our simulation findings demonstrate the same phenomenon as static analysis. The age-increasing effect will
impact ITF therapy for elderly individuals, and the integrity of anterior and posterior cortical bones should be top considered.

The clinical significance of this study underscores the heightened focus on maintaining the integrity of the anterior and posterior
cortical bone wall of the intertrochanteric when treating elderly patients with intertrochanteric fractures. In contrast, younger pa-
tients’ treatments often primarily rely on medial cortical bone support. This signifies a shift in the emphasis of intertrochanteric
fractures’ treatment.
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5. Limitation

We have detailed the limitations of our study from six aspects. Firstly, regarding the boundary conditions of the finite element
analysis model, we simplified aspects such as fixation methods, loading conditions, and muscle force selection for computational
efficiency and convergence of simulation results. This simplification might affect the model’s accuracy. Secondly, concerning material
properties, our finite element model assumed homogenous and isotropic characteristics for bone materials, like the modulus of
elasticity. However, in reality, especially for cancellous bone, the material is often heterogeneous and anisotropic, which could impact
the simulation results. Additionally, the cortical bone thickness in our model was assumed to be uniformly distributed, whereas in
reality, it varies across different parts of the femur, potentially affecting the performance of different cortical bone support.

In terms of age, gender, osteoporosis, and other health factors, the influence of age on bone strength degradation needs further
refinement. For instance, the distinction between young and elderly models might vary among individuals, with some entering the
bone strength degradation phase earlier. Gender is another critical factor; our models were reconstructed based on female patients
since intertrochanteric fractures are three times more common in women than in men [42]. Differences in bone quality parameters and
mechanical properties between male and female patients might affect the study’s conclusions, necessitating further research. Other
health factors, like osteoporosis and osteoarthritis, are also believed to potentially influence the results.

Long-term clinical follow-up data are crucial for validating the model and understanding the long-term effects of treatments. Our
model validation, based on the experimental results of Cri et al. [31], would be strengthened by the inclusion of clinical follow-up data.
Moreover, our study did not adequately consider the impact of multivariable interactions. For instance, the applicability of our findings
to different types of fractures (like A2 and A3, AO/OTA fracture classification), treatment methods (such as different types of screw
implants), and daily life activities (such as climbing stairs and bending) requires further validation.

Lastly, regarding the applicability and universality of the model, our conclusions are based on a general model, but patient diversity
in terms of race, body type, and physical conditions might influence the applicability of our conclusions. Advancements in personalized
modeling techniques could be an effective solution to this issue, enabling individualized surgical analysis and determination of the
optimal surgical plan for different patients.

6. Conclusion

In this paper, twenty models for the old and the young with ITFs were established using the finite element method to analyze the
performance of five cortical bone supports. Considering the stress distribution, normal strain, and displacement of the femur and
PFNA, medial cortical bone support is the optimal ITF reduction therapy for young and elderly individuals. However, age-related
changes in bone structure may compromise ITF therapy’s efficacy in old people. Current treatment guidelines do not clearly differ-
entiate between therapeutic approaches for intertrochanteric fractures in the elderly compared to the young. Our findings suggest that
preserving the integrity and alignment of the anterior and posterior cortical bones is crucial in the treatment of intertrochanteric
fractures in the elderly. While the advantage of medial cortical bone support over neutral cortical support is not significantly pro-
nounced, any misalignment of the anterior and posterior cortical bones can severely impact the effectiveness of ITF treatment in
elderly patients. Therefore, we conclude that in the treatment of intertrochanteric fractures in the elderly, maintaining the integrity
and alignment of the anterior and posterior cortical bone walls is of utmost importance, emphasizing the use of a sagittal support
reduction strategy. Our findings have a positive influence on the clinical treatment of ITFs, enhancing surgical treatment effectiveness
and postoperative rehabilitation.
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Abbreviation

ITF Intertrochanteric fracture

PFNA Proximal femoral nail anti-rotation
FE Finite element

AO/OTA Association of Orthopaedic/Orthopaedic Trauma Association
NURBS Non-uniform rational B-spline
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